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About GWRTAC 

The Ground-Water IRemediation Technologies Analysis Center (GWRTAC) is a national 
environmental technology transfer center that provides information on the use 04 innovative 
technologies to clean-up contaminated groundwater. 

Established1 in 1995, GWRTAC is operated Iby Concurrent Technologies Corporation ( CTC) in 
association with the University of Pittsburgh’s Environmental Engineering Program through a 
Cooperative Agreement with the lU.S. Environmental Protection Agency’s (EPA) Technology 
Innovation Office (TIO). CTC, an independent nonprofit organization, is committed to assisting 
industry and government achieve world-class competitiveness. Through a unique concurrent 
engineering framework, CTC provides comprehensive solutions that limprove product quality, 
lproductivity, and1 cost effectiveness. 

GWRTAC wishes to acknowledge the support and1 encouragement received for the completion of 
this report from the EPA TIO. 

About “IE” Series Reports 

This report is one of the GWRTAC “ E  Series of reports, whichl are developed1 for GWRTAC to 
provide a state-of-the-art review of a selected groundwater remediation technology or groundwater 
topic. These technology evaluation reports contain information gathered primarily from peer ireviewed 
lpapers and publications and, in some instances, from personal communication with involved parties. 
These reports are lpeer-reviewed lprior to being lreleased. 

IDisclaimer 

GWRTAC lmakes no warranties, express or implied, including without limitation, warranty for 
completeness, accuracy, or usefulness of the information, warranties as to the merchantability, or 
fitness for a particular purlpose. Moreover, the listing of any technology, corporation, company, 
person, of lfacility in this report does not constitute endorsement, approval, or recommendation by 
GWRTAC, CTC, or the IEPA. 
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1.0 SUMMARY 

Phytoremediation is the use of vegetation for in situ treatment of contaminated soils, sediments, 
and water. It is best applied1 at sites with shallow contamination of organic, nutrient, or metal 
pollutants that are amenable to one of five applications: IPhytotransformation, IRhizosphere 
Bioremediation, Phytostabilization, Phytoextraction, or Rhizofiltration. IIn this Technology Evaluation 
report, it is shown that phytoremediation ihas been utilized1 at a number of pilot and full-scale field 
demonstration tests. It lis an emerging technology that should be considered for remediation of 
contaminated sites because of its cost effectiveness, aesthetic advantages, and long-term 
applicability. Phytoremediation is well-suited for use at very large field sites where other methods 
of remediation are not cost-effective or practicable; at sites with low concentrations of contaminants 
where only “polishing treatment”1is required over long periods of time; and in conjunction with other 
technologies where vegetation is used as a final cap and closure of the site. There are limitations 
to the technology that need to be considered carefully before lit is selected for site remediation. 
These include limited regulatory acceptance, long duration of; time sometimes required for clean-up 
to lbelow action llevels, potential contamination of the vegetation and food chain, and difficulty 
establishing and maintaining vegetation at some toxic waste sites. 

IPlants have shown the capacity to withstand relatively high concentrations of organic chemicals 
without toxic effects, and they can uptake and convert chemicals quickly to less toxic metabolites 
in some cases. In addition, they stimulate the degradation of organic chemicals lin the rhizosphere 
by the release ofi root exudates, enzymes, and the build-up of organic carbon in the soil. For lmetal 
contaminants, plants show the potential for phytoextraction (uptake and recovery of contaminants 
into above-ground1 biomass), filtering lmetals from water onto root systems (rhizofiltration), or 
stabilizing waste sites lby erosion control and evapotranspiration of large quantities of water 
(phytostabilization). 

In this technology evaluation, recent field1 tests of phytoremediation are reported on wastes containing 
petroleum hydrocarbons such as benzene, toluene, ethylbenzene, and xylenes (BTEX) and 
polycyclic aromatic hydrocarbons (PAHs), pentachlorophenol, polychlorinated biphenyls (PCBs), 
chlorinated aliphatics (trichloroethylene, tetrachloroethylene, and 1,1,2,2-tetrachIoroethane), 
ammunition wastes (2,4,6-trinitrotoluene orTNT, and IRDX), metals (leadi, cadmium, zinc, arsenic, 
chromium, selenium), pesticide wastes and runoff (atrazine, cyanazine, alachlor), lradionuclides 
(cesium-1 37, strontium-90, and uranium), and nutrient wastes (ammonia, phosphate, and nitrate). 
Different species of plants lhave been used lin various applications including: Salix spp. (hybrid 
poplalrs, cottonwoods, and willow), grasses (rye, Bermuda grass, sorghum, fescue, bullrush), 
legumes (clover, alfalfa, and1 coypeas), aquatic plants (parrot feather, duckweed, arrowroot, cattail, 
pondweed), and hyperaccumulators for metals (sunflowers, Indian1 mustard, and1 Thlaspi spp.). 

Key findings of this technology evaluation show that phytoremediation has successfully been applied 
at a brownfields site for remediation of soil contaminated with lead; a small pond at Chernobyl with 
uranium contamination; a riparian zone buffer strip at Amana, lowalfor nitrate and atrazine removal 
from agricultural lrunoff; and at an engineeredl wetland at Millan, Tennessee for TNT removal. In 
addition, many successful applications have linvolved remediation actions at small sites, such as 
agricultural cooperatives with ipesticide and ammonia spills where state agencies have jurisdiction. 
At these sites, few funds are available for long-term compliance lmonitoring, and it is not to the 
advantage of the owners to pay for monitoring voluntarily. Therefore, long-term monitoring and 
evaluation of phytoremediation technology is still needed to demonstrate efficacy, to further define 
suitable plants and applications, and to gain acceptance from lregulatory agencies. 
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2.0 TECHNOLOGY DESCRIPTION 

2.1 PHYTOTRANSFORMABPOM 

IPhytotransformation refers to the uptake of organic and nutrient contaminants from soil and ground- 
water and the subsequent transformation by plants. Phytotransformation depends on the direct 
uptake of contaminants from soill water and the accumulation of metabolites in iplant tissue. For 
environmental application, it is limportant that the metabolites which accumulate in vegetation be 
non-toxic or at least significantly less toxic than the parent compound. 

Potential applications include phytotransformation of petrochemical sites and storage areas, am- 
munition wastes, fuel spills, chlorinated solvents, landfill leachates (including biochemical oxygen 
demand (BOD) and chemical oxygen demand (COD)), and agricultural chemicals (pesticides and 
fertilizers). Many times, phytoremediation is not the sole treatment option, but rather lit is used in 
conjunction with other approaches such as removal actions or ex situ treatment of highly contami- 
nated wastes, or as a lpolishing treatment. 

Figure 1 is a schematic of mass flows through a woody, flood-tolerant tree species (Schnoor et al., 
1995). Oxygen, water and carbon transport mechanisms can vary among plant species. IPlants 
supply oxygen to the soil' rhizosphere, but roots also demand oxygen forlrespiration. Root turnover 
is a key imechanism that adds organic carbon to the soil profile. Seedlings in the laboratory can 
transport considerable quantities of oxygen to roots in the rhizosphere (0.5 mol 0, per d of soil 
surface per day) (Shimp et al., 1993). Plants are able to take-up contaminants directly from the soil 
water or release exudates that help to degrade organic lpollutants via cometabolism in the rhizo- 
sphere (see Rhizosphere Bioremediation). 

Direct uptake of organics by lplants is a surprisingly efficient removal mechanism from sites con- 
taminated at a shallow depth with moderately hydrophobic organic chemicals (octanol-water par- 
tition coefficients, log Kow = 1 to 3.5). This includes most BTEX chemicals, chlorinated solvents, 
and short-chain aliphatic chemicals. IHydrophobic chemicals (log Kow > 3.5) are lbound so strongly 
to the surface of roots and soils that they cannot be easily translocated within the plant; and chemi- 
cals which are quite water soluble (log Kow c 1 .O) are not sufficiently sorbed to iroots nor actively 
transported through plant membranes (Briggs et al., 1982). Very hydrophobic chemicals (log Kow > 
3.5) are candidates for iphytostabilization and/or rhizosphere bioremediation. 
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Figure 1 
Schematic of oxygenl, water, and  chemical flows through a woody tree 
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The direct uptake of chemical into the plant through roots depends on the uptake efficiency, 
transpiration rate, and the concentration of chemical1 in soil water (Burken and Schnoor, 1996). 
Uptake efficiency, in turn, depends on physical-chemical properties, chemical speciation, and1 the 
plant itself. Transpiration is a key valriable that determines the rate of chemical uptake for a given 
phytoremediation design; it depends on the plant type, leaf area, nutrients, soil moisture, temperature, 
wind conditions, and relative humidity. 

Once an organic chemical is translocated, the plant may store the chemical and its fragments into 
new lplant structures via lignification (covalent bonding of chemical or its fragments lint0 lignin of the 
plant); or it can volatilize, metabolize, or mineralize the chemical1 completely to carbon dioxide and 
water. Chlorinated aliphatic compounds such as trichloroethylene (TCE) have been reported to be 
mineralized to CO, and less toxic aerobic metabolites (trichloroethanol, trichloroacetic acid, and 
dichloroacetic acid1 by INewman et at., 1997). These products are consistent with those found in the 
human liver for TCE destruction by cytochrome P450, which is an abundant enzyme in plants as 
well as humans. Thus, lplants are sometimes viewed as “green livers” in terms of their enzyme 
biochemistry. 

Another form of lphytotransformation is phytovolatilization, whereby volatile chemicals or their 
metabolic products are released to the atmosphere through plant transpiration. Many organic 
chemicals that are lrecalcitrant in the subsurface environment react rapidly in the atmosphere with 
hydroxyl1 radicals, an oxidant formed in the photochemical cycle. The transfer of contaminants 
from the soil or groundwater to the atmosphere lis not as desirable as in situ degradation, but it Imay 
be preferable to prolonged1 exposure iin the soiil enviironment and the risk of ground’-water 
contamination. 

Nitroreductase and laccase enzymes in plants can lbreak down ammunition wastes such as TNT 
(2,4,6-trinitrotoluene), and they may incorporate the broken Iring structures into new lplant material 
or organic detritus that becomes a part of sediment organic matter. Detoxification mechanisms 
may transform the parent chemical to non-phytotoxic lmetabolites that are stored in plant tissues 
(Schnoor et al., 1995). A thorough understanding of lpathways and end-products of enzymatic 
processes will simplify toxicity linvestigations of in situ phytoremediation. 

A summary of typical1 plants used in various applications of phytoremediation is presented in Table 
1. 

2.2 RHIZOSPHERE BlOREMEDlATlOMi 

Phytoremediation of; the lrhizosphere increases soil organic carbon, bacteria, and mycorrhizal fungi, 
all factors that encourage degradation of organic chemicals in soil. Rhizosphere lbioremediation is 
also lknown as phytostimulation or plant-assistedbioremediation. Jordahl et al. (1 997) showed that 
the numbers of beneficial bacteria increased in the root zone of hybrid poplar trees relative to an 
unplanted reference site. Denitrifiers, Pseudonomadspp., BTEX degrading organisms, and general 
heterotrophs were enhanced. Also, plants may Irelease exudates to the soil environment that help 
to stimulate the degradation of organic chemicals by linducing enzyme systems of existing bacterial 
populations, stimulating growth of new species that are able to degrade the wastes, and/or increasing 
soluble substrate concentrations for 8111 lmicroorganisms. ILeakage of sugars, alcohols, and acids 
from the plant and lroot turnover can amount to 10 to 20% of plant photosynthesis on an annual 
basis (Foth, 11990). Researchers have characterized the molecular weight distribution of organic 

4 E Series: TE-98-01 
Phytoremediation 



Table 1 . Typical Plants Used lin Various Phytoremediation Applications 

Application 

1. Phytotransformation 

2. Rhizosphere 
Bioremediation 

3. Phytostabilizationl 

4. Phytoextraction 

5. Rhizofiltration 

Media 

Soil, Groundwater, 
Landfilli leachate, Land 
application of wastewater 

Soil, Sediments, Land 
application of wastewater 

Soil, Sediments 

Soil, Brownfields, 
Sediments 

Groundwater, Water and1 
Wastewater in Lagoons 
or Created1 Wetlands 

Contaminants 

8 Herbicides (atrazine, alachlor) 
8 Aromatics (BTEX) 
8 Chlorinated aliphatics (TCE) 
8 INutrients (NO,, NH,+, PO,3-) 
v Ammunition wastes (TNT, RDX) 

8 Organic contaminants (pesticides, 
aromatics, and ,polynuclear aromatic 
hydrocarbons [PAHs]) 

v Metals (Pb, Cdl, Zn, As, Cu, Cr, Se, W) 
v Hydrophobic Organics (PAHs, PCBs, 
dioxins, furans, pentachlorophenoll, 
DDT, dieldrin) 

8 Metals (Pb, Cd, Zn, Nil, Cu) with 1EDTA 
addition, Ifor Pb Selenium1 
(volatilization) 

8 Metals (Pb, Cd, Zn, Ni, Cu) 
8 IRadionuclides ( 13’Cs, gost-, U) 
- Hydrophobic organics 

Typical Plants 

- Phreatophyte trees (poplar, willow, 

- Grasses (rye, Bermuda, sorghum, 

* ILegumes (clover, alfalfa, cowpeas) 

- Phenolics releasers (mulberry, apple, 
Osage orange); 

- Grasses with fibrous roots (rye, fescue, 
IBermuda) for contaminants 0-3 ft deep; 

- IPhreatophyte trees for 0-1 0 ft; 
- Aquatic lplants for sediments 

- Phreatophyte trees to transpire large 
amounts of water for hydraulic control; 

- Grasses with fibrous roots to stabilize 
soil erosion; 

- iDense root systems are needed to sorb/ 
bindl contaminants 

- Sunflowers - Indian mustard 
- Rape seed1 plants 
- IBarley, Hops - Crucifers 
- Serpentine plants 
- INettles, Dandelions 

- Aquatic Plants: 

cottonwood, aspen); 

fescue) ; 

- IEmergents (bullrush, cattail, coontail, 
pondweed, arrowroot, duckweed); 

- Submergents (algae, stonewort, lparrot 
feather, Eurasian water milfoil, Hydrilla) 
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exudates from root systems of hybrid poplar trees. Exudates include short chain organic acids, 
phenolics, and small1 concentrations of high molecular weight compounds (enzymes and proteins). 

Research at the U.S. Environmental Protection (EPA) ILaboratoryin Athens, Georgia, has examined 
five plant enzyme systems in sediments and soils (dehalogenase, nitroreductase, peroxidase, 
laccase, and nitrlilase). Dehalogenase enzymes are important in dechlorination reactions of 
chlorinatedl hydrocarbons. Nitroreductase is needed in the first step for degradation of nitroaromatics, 
while laccase enzyme serves to break aromatic structures in organic contaminants. Peroxidase 
and nitrilase are important in oxidation reactions. Enzymes are active in rhizosphere soils in close 
proximity to the lroot (1 mm) for transformation of organic contaminants that would not occur iin the 
absence of the plant. The addition of plant root systems creates an ecology in soils that is suitable 
for bioremediation. When plants are grown lin soil or sediment slurries, pH is buffered, metals are 
biosorbed or chelated, and enzymes remain protected inside the plant or sorbed to plant surfaces. 
In EPA studies of TNT breakdown, plants like hornwort increase soil water I ~ H  from 3 to 7 and1 sorb 
high concentrations of metals that would1 usually inhibit bacteria, while the plants remain healthy 
and viable. Overall, plants and their root systems can accommodate mixed wastes (organic and 
metals) and other harsh conditions (Schnoor et al., 1995). 

Anderson et al. (1 993) have demonstrated the importance of biodegradation in the rhizosphere. 
Plants help with microbial transformations in many ways. 

e Mycorrhizae fungi associated with plant roots metabolize the organic pollutants 

0 Plant exudates stimulate bacterial transformations (enzyme induction) 

e Build-up of organic calrbon lincreases microbial mineralization rates (substrate 
enhancement) 

e Plants provide habitat for increased microbial populations and activity 

0 Oxygen lis pumped1 to roots ensuring aerobic transformations 

Fletcher et at. (1 995) have reportedl that flavonoids and coumarin are released by root turnover 
from trees like mulberry, Osage orange, and apple which select and stimulate PCB and PAH degrading 
organisms. 

Fungi, growingl in symbiotic association with the plant, have unique enzymatic pathways that help 
to degrade organics that could not be transformedlsolely by bacteria. In addition to soluble exudates, 
the rapid decay of fine root biomass can become an important addition of organic carbon to soils 
which serves to retard organic chemical transport. Microbial mineralization of atrazine is directly 
related to the fraction of organic carbon in the soil (Nair and Schnoor, 1993). Microbial assemblages 
are abundant lin the lrhizosphere, and typical communities may comprise 5 x 1 O6 bacteria, 9 x 1 O5 
actinomycetes, and 2 x 1 O3 fungi per gram of air dried soil; bacteria live in colonies that cover as 
much as 4 to 10% of the lroot surface area (Foth, 1990). 

2.3 P HY TOSTA B I LIZATI 0 N 

Phytostabilization refers to the holding of contaminated soils andlsediments in place by vegetation, 
and to immobilizing toxic contaminants in soils. Establishment of rooted vegetation prevents 
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windblown dust, an important pathway for human exposure at hazardous waste sites. Hydraulic 
control is possible, in some cases, due to the large volume of water that is transpired through 
plants which prevents mig,ration of leachate towards groundwater or receiving1 waters. 
Phytostabilization is especially applicable for metal contaminants at waste sites where the best 
alternative is often to hold contaminants in place. IMetals do not ultimately degrade, so capturing 
them in situ is sometimes the best alternative at sites with low contamination levels (below risk 
thresholds) or vast contaminated areas where a large-scale removal action or other in situ 
remediation is not feasible. Vigorously growing plants are necessary to exert hydraulic control and 
immobilization at the site; plants cannot die or be removedl during the phytostabilization design 
period. Low-level radionuclide contaminants can also be held in place by phytostabilization, and 
this alternative can result in significant risk Ireduction if their half-lives are not too llong. Soil 
amendments such as phosphate, lime, and organic matter are sometimes needed to immobilize 
toxic metals such as leadi, cadmium, zinc, and arsenic. Cadmium is readily translocated to leaves 
in many plants, which represents a risk to the food chain, and this pathway lmay lbe the Ilimiting 
consideration in applying phytostabilization at some metals contaminated sites. 

2.4 iPHYTOEXTRACTIONI 

Phytoextraction refers to the luse of metal-accumulating plants that translocate and concentrate 
metals from the soil in roots and above ground shoots or leaves. It has lbeen used effectively by 
Phytotech@' at brownfields sites with relatively low level lead and cadmium contamination for soil 
remediation to below action levels (McGinty, 1996). It has also been proposed for extraction of 
radionuclides from sites with mixed wastes. Phytoextraction offers significant cost advantages 
over alternative schemes of soil excavation and treatment or disposal. An important issue lin 
phytoextraction is whether the metals can1 be economically recovered from1 the plant tissue or 
whether disposal of the waste is required. Design considerations linclude the accumulation factor 
(ratio of metal in the plant tissue to that in the soil) and thelplant productivity (kg of dry matter that is 
harvestable each season). In order to lhave a practicable treatment alternative, one needs a 
vigorously growing lplant (>3 tons dry mattedha-yr) that is easily harvested and which accumulates 
large concentrations of metal in the harvestable portion (>lo00 mg/kg metal). 

As a general rule, readily lbioavailable metals for plant uptake include cadmium, nickel, zinc, arsenic, 
selenium, and copper. Moderately bioavailable metals are cobalt, manganese, and iron; while lead, 
chromium, and uranium are not very bioavailable. Lead can lbe made greatly morelbioavailable by 
the addition of EDTA to soils. Lead, chromium and uranium can be removed by binding to soils and 
root mass via rhizofiltration. 

2.5 RHIZOFILTRATION~ 

Rhizofiltration lrefers to the use of plant roots to sorb, concentrate, and precipitate metal' contaminants 
from surface or groundwater. Roots of plants are capable of sorbing llarge quantities of lead and 
chromium from soill water or from water that is passed through the root zone of densely growing 
vegetation. The potentiall for treatment of radionuclide contaminants has received a great deal of 
attention in the lpress. Rhizofiltration has been employed by Phytotech@ using sunflowers at a U.S. 
Department of IEnergy (DOE) pilot lproject wiih uranium wastes at Ashtabula, Ohio, and on water 
from a pond near the Chernobyl nuclear plant in the Ukraine. 
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Table 2. Phytoremediation Applications and Demonstrations in the Field 

Contacts zontarninants ~ Iperforrnance 
90% IReduction in 2 weeks. 
Roots concentrated 8,000 

Application Plants Location 
Sunflowers 
Helianthus 
snnuus 

I,. Raskin, Rutger: 
u. 

Rhizofiltration demonstration 
pond near nuclear disaster 

Rhizofiltration demonstration 
DOE energy wastes 

Chernobyll, Ulkraine 

~~ 

Sunflowers 
Helianthus 
annuus 

95% removal' in 24 hours 
from 350 ppb to c 5 ppb J 

6. Ensley, 
Phytotech Ashtabula, OH' 

6. ICnsley, 
P hytotech 

Phytoextraction demonstration 
200 Ift x 300 ft plot brownfield 
I oca ti o n 

Indian mustard 
Brassica juncea 

Pb cleaned-up to below 
action level #in one season 
SITE program 

'b Trenton, NJ 
. -  

Jlust beginning SITE 
lDrowaml J and nitrate 

~ 

Rock, 11997 

G. Pierzynski,, 
Kansas St. 

______ 

Rhizofiltration from landfill 
leachate 
Phytostabilization demonstraction 
one acre test plot abandoned 
smelter, barren land 

Sunflowers and 
mustard Rocky Flats, CO 

>b, Zn, Cdl 
Zoncs. > 20,000 lppn 
'or IPb and Zn 

50% sulrvixal after 3 years. 
Site was s uccessf u I I y 
revegetated. 
95% of trees died. 
Ilnclement weather, deer 
browse, toxicity caused 
die-off. 

Poplars 
Populus spp. Dearing, KS 

Poplars 
Populus spp. As, Cd 

J. Shnoor, U. of 
Iowa 

Phytostabilization demonstratior 
one acre test lplot mine wastes Whitewood Cr., SD 

Uptake is lrapidl but difficult 
to decontaminate soil 

I 

R. Chaney, USD, 
Beltsville, MD 
Brown 1995 
G. Banuelos, 
USDA Salinity 
Lab, Riverside, 
CA 

Pennsylvania Zn', Cd Phytoextraction pilot 
mine wastes 

Th la spi 
caerulescens 

Selenium1 is partly taken-ur. 
and volatilized, ibut difficult 
to decontaminate soil 

P h ytovo I at i 1 kat  ion 
refinery wastes and agricultural 
soils 

1P h yto t ra n sf o rmati o n 
groundwater capture on 1 acre 
plot 
iP h ytot ran sfo rmat ion 
groundwater capture on 4 acre 
plot 

Se San Francisco, CA Brassica sp. 

TCE, PCA (1,1,2,2- 
tetrachloroethane) 

Only in second1 year 
'Demonstration1 Project 

H. Compton, 
EPNERT, 
Edison, NJl 

Hybrid poplars 
Populus spp. 

Hybrid lpoplars 
Populus spp. 

Aberdeen, MD 
J-field1 site 

Only in second year SITE 
Project 

G. Harvey, Ohio 
Wright-Patterson 
AFB 

Carswell AFB 
Ft. Worth, TX 

TCE 

I' 
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;Location# 
I 

Application 

Phytotransformation 
engineered wetland at army 
ammunition plant 

IMilan, TN 

l Plants Contaminants Performance 

I '  IElodeia 
1 Bullrush TNT, RDX > 90% removal 

' I  Canary Grass 

Middletown, IIA 

l Pondweed 
l Coontail 
1 Arrowroot 
1 Hybrid poplars 

Phytotransformation 
created wetland1 and 
surrounding soil 

Ogden, UT 

lTNT, RDX  just beginning 

~ I 

Portland, OR 

P hytotransformation 
(groundwater and soil) 
petrochemical wastes 4 acre site 

Martell, IA 
Clarence, IA 
Amana, IA 

i ~ ~ Only in second year 
'SITE Program Hybrid Poplar BTEX, TPH 

~ i I 

Table 2. Phytoremediation Applications and Demonstrations in the Field (cont.) 

I 1~ IHybrid Poplar i Phytotransformation on wastes 
of wood preservative 

Only in second year 
1 1  SITE Program PCP, PAH 

P hytotransformationl 
agricultural runoff and 
agricultural co-op sites 

- 
I I 

1 Hybrid Poplar 
i 90% reduction in 
1 I groundwater of NO,- ~ 1 atrazine, Initrates 

I 1  i I atrazine reductions 

Contacts 

Army Aberdeen 
Proving Ground, 

Iowa 

A. Ferro, 

Licht, Ecolotree 
Paterson and1 
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Shallow lagoons have been engineered as wetlands and maintained as facultative lmicrobial systems 
with llow dissolved oxygen in the sediment. Groundwater or wastewater lis lpumped through the 
system for the removal1 of contaminants by rhizofiltration. Usually this technology lis intended for 
metals or mixed wastes, but it is suitable for ammunition wastes as well. 2,4,6-Trinitrotoluene 
(TNT) is an organic contaminant that sorbs strongly to roots andi is not translocated to any 
appreciable degree. An engineered wetland technology has been usedl at the Milan, Tennessee, 
and Volunteer Army Ammunition Plants with bullrush (Table 2). In addition, an engineered wetland 
has been approved for full scale treatment of a CERCU site at the Iowa Army Ammunition Plant at 
Middletown, Iowa, forTNT an DX polishing of soill and groundwater after removal actions. 

Wetlands have been used with1 great success in treating nutrients, metals, and organic contaminants 
for many years (Young, 1996). Long-term utilization of wetland plants and sulfate-reducing conditions 
result in an increase in pH and a decrease in toxic metals concentrations for treatment of acid mine 
drainage (Wieder, 1993; Walski, 1993). Root systems and sediments in wetlands are facultative 
(aerobic and anaerobic zones) which facilitates sorption and lprecipitation of toxic metals. 
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3.0 APPUlCABBQNS AND PERFORMANCE 

3.1 LIMUTATIOMS 

Limitations of phytoremediation linclude the difficulty with treating wastes greater than1 three meters 
deep, possible luptake of contaminants into leaves and release during litter fall, linability to assure 
clean-up below action levels in a short period of time, difficulty in establishing the vegetation due to 
toxicity at the site, and possible migration of contaminants off-site by macropore flow or lby binding 
with soluble plant exudates. Regulatory restrictions sometimes will not allow contaminants to be 
left in place, even when a vegetative cover prevents erosional or hydrological1 pathways of exposure. 
Phytoremediation is most effective at sites with shallow contaminated1 soils where contaminants 
can be treated in the rhizosphere and by root uptake. Sites where contaminationl is relatively deep 
and1 those with pools of nonaqueous phase liquids (NAPL) would not be good applications. However, 
deep ground-water contaminants or leachate pond1 effluent canl be treated by pumping and lirrigation 
on plantations of trees. Degradation of organics may be limited by mass transfer, Le., desorption 
and mass transport of chemicals from soil particles to the aqueous phase may become the rate 
determining step. Therefore, phytoremediation may require more time to achieve clean-up standards 
than other more costly alternatives such as excavation and treatment or disposal, especially for 
hydrophobic pollutants that are tightly bound to soil particles. In many cases, lphytoremediation 
may serve as a Sinal1 ‘:polishing step” to close sites after other clean-up technologies have been 
usedl to treat the hot spots. 

Winter operations may ipose problems for phytoremediation when deciduous vegetation lloses its 
leaves, transformation and uptake cease, and soil water is no longer transpiredl. Mathematical 
modeling of the hydrology and contaminant transport is recommended in order to ensure that 
migration of contaminants and/or leaching to groundwater during seasonal periods of vegetation 
dormancy does not preclude the phytoremediation option. 

3.2 PERFORMANCE 

P hvtotransformationl 

The concept of phytotransformation for organic compounds ‘has been verified lin the laboratory, 
greenhouse, and small plots. Contaminants are either immobilized as bound residues in the soil or 
plant, lmetabolized, or volatilized as shown in Figure 2. 

Mass balance studies lhave been completed using14C-labeled compounds, and the fate and transport 
of the chemicals through plants has been documented (Newman et al., 1997; Burken and Schnoor, 
1997; Dushenkov et al., 1995; IFerro et at., 1994). 

Newman et al. (11997) have demonstrated thatTCE is transformed to trichloroethanol, trichloroacetic 
acid, and dichloroacetic acid by hybrid poplar trees. This observation is indicative of an aerobic 
transformation, such as that in the human liver by cytochrome P-450 enzymes (mono-oxygenase). 
Trace quantities of 14C0, were released by the lplant demonstrating partial mineralization of TCE. 
Mineralization is fairly unusual, however, and there are no Ireports in the literature of aromatic 
compounds being completely mineralized by plants. 
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Figure 2 
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Burken and Schnoor (1  997) showed that the aromatic pesticide atrazine was uptaken and 
transformed to ammeline, a fully hydroxylated and dealkylated metabolite, but there was no indication 
of mineralization to 14C0,. A fraction (- 115%) of the ring-labeled atrazine was incorporated into 
biomass as bound residue. 

Hydrophobic chemicals (log K, > 3.5) are expected to be sorbed strongly to soils and not 
bioavailable to plants for translocation. Phytoremediation of hydrophobic compounds such as 
PCBs and PAHs may be possible by enhancement of rhizosphere microbial degradation processes 
and sorption to roots. Moderately hydrophobic chemicals (log K, = 1 to 3.5) are expected to be 
taken-up by plants and metabolized, volatilized, or incorporated linto plant tissues as nonextractable 
bound residue. Bound residues are generally viewed as much Iless toxic to animals (non-bioavailable) 
in the food chain, but further Iresearch may be necessary to confirm this for some compounds. 
Volatile organic chemicals (VOCs) may be transpired by the plant, and simple air toxics models 
can belused to determine if they pose an unacceptable lrisk to the atmosphere. In the case ofTCE, 
the half-life in aerobic soil and groundwater is on the order of years; in the atmosphere, it reacts 
with the hydroxyl radical yielding a half-life of lhours to days. 

Hydrophilic chemicals (log Kow c 1 ) are not expected to be taken up or sorbed by plants. However, 
exceptions do exist and treatability studies are recommended. Phytoremediation lmay be a viable 
option for some hydrophilic chemicals that are quite imobile in the subsurface environment and not 
amenable to microbial degradation. 

Table 2 lists information on field demonstrations of phytoremediation. Despite a number of 
investigations in the ilab and greenhouse, very few documented cases of full scale clean-up by 
phytotransformation exist. There are no Superfund Innovative Technology Evaluations (SITE 
Program lby EPA) that have been completed, lhowever five are currently in progress (Steve Rock, 
EPA Cincinnati, personal communication). These include demonstrations or evaluations of 
phytoremediation for lead, uranium, nitrate, TCE, BTEX, total petroleum hydrocarbons (TPH), 
pentachlorophenol, and1 PAHs (Table 2). Many other demonstration projects are underway, but 
they do not have detailed reporting requirements. A dozen small1 sites (such as pesticide dealerships) 
have utilized phytoremediation where states held the lead in1 hazardous waste programs. IBut 
these small projects generally do not have the funds necessary to document the extent of remediation 
in the field. Usually, ground-water monitoring is the only requirement placed upon the lprincipal 
responsible party in these cases, and it is not in their self interest to conduct detailed1 monitoring at 
the site. 

RhizosPhere IBioremediation 

Rhizosphere bioremediation has been demonstrated in the field at Oak Ridge National Laboratory 
by Anderson (11992) and Anderson et al. (1993) forTCE contaminated soils. It was not possible to 
perform mass balance studies, but the project did show disappearance of TCE over time and 
differences among five different plant species. Aerobic rhizosphere bioremediation is thought to lbe 
effective for aromatic hydrophobic chemicals such as PAHs, BTEX, and phenolics (Hedge andi 
Fletcher, 1996) at sites with shallow contamination (Hsu et at., 1992). 
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Phvtostabilization 

Phytostabilization is a potentially effective Iremediation strategy for hydrophobic chemicals and 
metals at contaminated sites where lremoval or treatment lis not practical' or as a polishing step 
where contaminant concentrations are below regulatory action levels. Hse (1 996) reports on 
phytoremediation of lmetals at two locations: a mine tailings Superfund site in South Dakota with up 
to 11,000 mg/kg of arsenic (and lesser amounts of cadmium); and an abandoned smelter in IKansas 
with1 up to 200,000 mg/kg of zinc and 20,000 mg/kg of lead. The goal at each site was to stabilize 
soils and to decrease vertical migration1 of leachate to groundwater lusing deep-rooted hybrid poplar 
trees. At the South Dakota site, the trees died due to harsh climatic conditions, deer browse, and 
possible toxic stress. At the Kansas site, survival of the trees has been greater than 50% in the 
thirdlyear, and the effortiis successful to date. Sites with high concentrations of metals are difficult 
to phytostabilize due to soil toxicity, lbut it is inexpensive relative to excavation and treatment or 
disposal. Soil amendments such as phosphate, lime, N/P/K, and organic matter (sewage sludge, 
compost, aged manure, straw, leaves, etc.) are usually requiredl. Treatability and toxicity studies in 
small pots in a greenhouse are recommended. 

Phytoextraction 

IPhytoextractionI has been proven effective at a brownfields site inTrenton, New Jersey for remediation 
of lead-contaminated shallow soils (Blaylock et al., 1l996). Approximately 50% of the lead was 
removed from the surface soil (- 700 mg/kg) in order to achieve clean-up standards (400 mg/kg) in 
one year using Brassicajuncea, a relative of the mustard family. IFor phytoextraction to be effective, 
one needs vigorously growing plants (> 3 tons dry mattedacre-yr), an easily harvestable above- 
ground portion, and a plant that accumulates large amounts of metals (- 1000 mg/kg) in above- 
ground biomass. To achieve clean-up within three to five years, the plant must accumulate about 
ten times the level in soil (for example, lif the level in soil is 500 mg/kg, then the concentration in the 
plant must be almost 5000 mg/kg to clean-up the soil in a few years). Some sites have metals that 
are bioavailable while others do not. Generally, cadmium, nickel, zinc, arsenic, and copper are 
relatively bioavailable while llead, chromium, and uranium are not taken-up and translocated to the 
harvestable biomass. Plants which accumulate nickel, cobalt, copper, manganese, lead, zinc, and 
selenium have been reported in thelliterature (Kumar et al., 11995). Zinc and boron are phytotoxic to 
some plants at levels above 200 mg/kgilin soil. Addition of EDTA (0.5 to 10 pg IEIDTNkg soil) has 
greatly enhanced the bioavailability of lead, but the enhancement must be weighed against the 
increased lprobability of lead1 migration to groundwater. Mathematical modeling of water movement 
and1 metals transport may be required to further understand the fate of lead under these conditions. 

iRhizofiltration 

IRhizofiltrationI has been pioneered by llya 'Raskin and the group at Rutgers University (Dushkenov, 
et al. 1995). It is effective in cases where wetlands can be created and all of the contaminated1 
water allowed to come into contact with roots. Contaminants should lbe those that sorb strongly to 
roots such as hydrophobic organics, lead, chromium (Ill), uranium, andl arsenic (V). 

14 
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Design of a phytoremediation system varies according to the contaminant(s), the conditions at the 
site, the levell of clean-up required, and the lplant(s) that are used. Clearly, phytoextraction has 
different design lrequirements than phytostabilization or rhizosphere bioremediation. Nevertheless, 
lit is possible to specify a few design considerations that are a part of most phytoremediation 
efforts. These include: 

Plant selection; 
Treatabi I ity ; 
IPlanting density and1 pattern; 
Ilrrigation, agronomic inputs, and maintenance; 
Ground-water capture zone and transpiration rate; 
Contaminant uptake rate and clean-up time required; and, 
Analysis of failure modes. 

4.1 1PLANT SELECTION 

Plants are selected according to the needs of the application and the contaminants of concern. For 
phytotransformation of; organics, the design requirements are that vegetation is fast growing and1 
hardy, easy to plant and maintain, utilizes a Ilarge quantity of water by evapotranspiration (if 
groundwater is an issue), and transforms the Contaminants of concern to non-toxic or less toxic 
products. In temperate climates, phreatophytes (e.g., hybrid1 poplar, willow, cottonwood, aspen) 
are often selected because of fast growth, a deep irooting ability down to the surface of groundwater, 
large transpiration rates, and the fact that they are lnative throughout most of the country. At the 
llowa Army Ammunition Plant CERCLA site (Table 2), design requirements included the use of 
native plants (to avoid introduction of nuisance species) and species which showed lnitroreductase 
activity. In pre-screening ELISA immunoassays for transformation of TNT. Hybrid poplar was 
selected1 for the terrestrial species and pondweed, arrowroot, and coontail were selected for the 
aquatic species. At petrochemical sites, other trees (mulberry, apple, and Osage orange) lhave 
been selected for their ability to release flavonoids andllphenolics l(via fine root turnover), compounds 
that are known to induce enzymes in IPCB and PAH-degrading organisms (Fletcher, 1995). Hybrid1 
poplars have been shown to uptake and transform TCE. A screening test or knowledge from the 
literature of plant attributes will aid the design engineer in1 selection of plants. Engineers should 
work in interdisciplinary teams which includes a botanist and/or agricultural specialist to identify 
and select plants that will grow well at the site. 

Grasses are often planted in tandem with trees at sites with organic contaminants or as thelprimary 
remediation method. They provide a tremendous amount of fine lroots in the surface soil which is 
effective at ibinding and transforming hydrophobic contaminants such as TPH, IBTEX, and PAHs. 
Grasses are often planted between rows of trees to lprovide for soil stabilization and protection 
against wind-blown dust that can move contaminants off-site. 'Legumes such as alfalfa, alsike 
clover, and peas can Ibe used to restore nitrogen to lpoor soils. Fescue, rye, and reed canary grass 
have been usedl successfully at several sites, especially those contaminated with petrochemical1 
wastes. The grasses are harvested periodically and disposed to compost or lburned. Hydrophobic 
contaminants do not translocate appreciably, so the top portion of grasses are not contaminated. 
The system achieves phytoremediation via rhizosphere processes and sorption to roots. 
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Selectionl of plants for phytoremediation of lmetals depends on the application: phytostabilization, 
rhizofiltration, or phytoextraction. Inl phytoextraction, one is seeking to concentrate the metal(s) in 
the above-ground portion of the biomass, and to harvest and recover metals from the biomass, if 
practicable. IPlants used to date in phytoextraction remedies include sunflowers and Indian mustard 
plants for llead; Thlaspi spp. for zinc, cadmium, and nickel; and sunflowers and aquatic plants for 
radionuclides (Table 2). Screening tests for hyperaccumulators around the world have been led by 

M. Baker, University of Sheffield, UK. llya Raskin, IRutgers University, haslled a development 
effort for screening plants for phytoextraction capabilities iin the llaboratory. IRecovery of metals 
from vegetation has centered on incineration and recovery from ash, or wet extraction techniques. 
Even if it is not practicable to Irecover the metals from lplant biomass or ash, they will have been 
concentrated into a much smaller volume for ultimate disposal. 

Aquatic plants are used in createdl wetlands applications. They fall into two categories: emergent 
and submerged species. Emergent vegetation transpires water, and lit lis easier to harvest the 
vegetation if desired. Submerged species do not transpire water, but they ,provide more biomass 
within the aquatic portion of the system for uptake and sorption of contaminants. Aquatic species 
in created wetlands have included bullrush, cattail, coontail, duckweed, arrowroot, pondweed, parrot 
feather, Eurasian water milfoil, stonewofl, and Potamugetun spp. 

4.2 TREATABILUTY 

It is necessary to utilize treatability studies prior to design in order to assure that the phytoremediation 
system will achieve desired results. Toxicity and transformation data are obtained in treatability 
studies. There is a large amount of variation in toxicity and transformation rates that can be expected 
from1 one plant species to another, and even from one variety or cultivar to another. Boron, zinc, 
ammonium, some metals and salts are especially toxic to plants. Thus, it is critical to obtain treatability 
information in the laboratory or greenhouse, if priorlknowledge has not been reported for the waste 
with that plant. The sequence of design information that is required typically ranges from hydroponic 
studies, to small pot studies with soils from the site in a greenhouse, to lplot studies (up to 15 x 15 
m). Different concentrations of contaminant can be analyzed for toxicity, and plant tissues can be 
harvested for metabolite or parent compound analysis. Regulators may require total mass balance 
information which lnecessitates use of radiolabeled compounds in the laboratory. 

Treatability laboratory studies may be needed to assess the fate of the contaminant(s) in the plant 
system. For example, the potential for volatile compounds such as benzene and trichloroethylene 
to move through the plant and become transpired to the atmosphere as air toxics must be examined. 
Volatiles are often transpired to the atmosphere by plants, in which case, air toxics calculations 
would be needed1 to estimate the atmospheric concentrations and whether these emissions would 
be considered acceptable. Similarly, moderately hydrophobic organics (log KO, = 1 to 3.5) are 
often translocated1 to the Ileaves of the plant and metabolized. Measurement of leaf concentrations 
of parent compound and metabolites would be needed in this case to determine if acceptable levels 
are exceeded. 

4.3 PLANT DENSITY AND 1PAlTERN 

Planting density depends on the application. Louis Licht, Ecolotree, has lpioneered the use of 
hybrid lpoplar trees as riparian zone buffer strips, landfill caps, and at hazardous waste sites. For 
ihybridl poplar trees, 1000 to 2000 trees per acre are typically lplanted with a conventional tree 
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planter at 12 to 118 inches depth or in trenched rows one to six feet deep. Poplars have the ability to 
root along the entire buried depth. If a row conformation lis used, the trees may be spaced with two 
feet between trees and ten feet between rows. The poplars are planted simply as “sticks”, llong 
cuttings that will root and grow rapidly in the first season. Several phreatophytes in the Salix family, 
such as willow andlcottonwoodl, can be planted in a similar manner. Hardwood trees and evergreens 
may require a lower iplanting density initially. A high initial planting density assures a significant 
amount of evapotranspiration in the first year which is normally desirable, but the trees will naturally 
thin themselves by competition to 600 to 800 trees per acre over the first six years. If desirable, 
hybrid poplars can be lharvested on a six-year rotation and sold for fuelwood or pulp and paper, and 
the trees will grow back from the cut-stump (coppicing trait). The dense, deep root system stays in 
lplace to sustain growth for the next year. The lifetime of lhybrid lpoplars such as Populus deltoides 
x nigra DN-34 (Imperial Carolina) is on the order of 30 years which is usually sufficient as the 
design life of the project. 

Grasses are lusually drilled or lbroadcast for lplanting at waste sites. Biomass densities (above 
ground) of 200 to 600 g/m’ are achieved by the second crop, with 1 to 3 crops per year depending 
on climate and water availability. 

The initial planting density of aquatic species in a created or natural’ wetland is normally three 
iplants to a pod, located on three foot centers. Replanting and maintenance should be estimated in 
the cost of the project. One should consider that at Ileast 30 percent of the plants may need to lbe 
replanted in the second or third year, as a contingency. At Milan,Tennessee, the final plant density 
in four created wetlands cells ranges from1 2400 to 4000 g/m2 with addition of 350 to 700 mg/L of 
fertilizer addition (N = 3.6%, P = 0.7%, K = 2.4%, O.C. = 43.7%, trace elements =iMg, Na, Si, S, Fe, 
Zn, Mn). The application of large amounts of organic fertilizer at the Milan site ensured that most of 
theTNT treatment was due to anaerobic imicrobiological processes rather than by plant uptake and 
phytotransformation. 

4.4 IRRIGATION, AGRONOMIC INPUTS AND MAINTENANCE 

For terrestrial phytoremediation applications, lit is often desirable to include irrigation costs lin the 
design, onl the order of 10 to 20 linches of water per year. Irrigation of the plants ensures a vigorous 
start to the system even in a drought. On the other handl, hydrologic modeling may be required to 
estimate the rate of percolation to groundwater lunder irrigation conditions. Over time, lirrigation 
should be withdrawn from the site, provided the area receives sufficient rainfall to sustain the 
lplants. Operation and maintenance (O&M) costs should be considered in the design of 
phytoremediation systems. Costs for mowing, replanting, pruning, harvesting, monitoring vegetation 
for contaminants, fertilizer costs, and performance monitoring should all be included lin the initial 
estimated costs if they are needed. 

Agronomic inputs include the lnutrients lnecessary for vigorous growth of vegetation and rhizosphere 
lbacteria. These include N/P/K from commercial fertilizer mixes, and carbon addition and soil 
conditioners such as aged manure, sewage sludge, compost, straw, or mulch. Typical application 
rates of fertilizer include 50 IIbs lP/acre and 100 Ibs lN/acre each year, especially for production of 
grasses and fine roots at lpetrochemicel sites. It is critical that the site soils have sufticient water 
holding capacity to sustain vegetation. This is often not the case at Imine tailings sites, abandoned 
smelters, and rocky terrains. In these cases, soil amendments are necessary to improve soil tilth 
and allow water to be absorbed. Sometimes it is desirable to neutralize pH by lime addition; a 
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standard agronomic analysis of site soils will allow assessment of the necessity for pH adjustment. 

Biomass production can be estimatedl at 7 tons dry mattedacre-yr for fast growing trees. The 
amount of nitrogen stored in woody tissue is typically 0.5 to 1.0%, so nitrogen uptake can be 
calculated. Stoichiometries of woody tissue and leaf tissue are available in the literature to estimate 
major nutrient uptake requirements. 

In some cases, chemical inputs are alpart of the total phytoremediation design. For phytostabilization, 
lit lis necessary to bind metals to soil lparticles so that they are not available for plant uptake or 
ileaching. Phosphate rock or phosphate fertilizers are effective in lbinding lead and zinc. They can 
be added to trenches or disked into the soil prior to planting. For phytoextraction, the opposite 
effect is desired: metals must belbioavailable for plant uptake. In this case, chelates such as EDTA 
(0.5 to 10 pgl EDTNkg soil) have been added to soils in irrigation water to assure plant uptake and 
concentration from the soil to biomass (Raskin, 1996). 

4.5 GROUND-WATER CAPTURE AND TRAMSPBRAUIONl 

One must understand where the water is moving at a site in order to estimate contaminant fate and 
transport. For applications involving ground-water remediation, a simple capture zone calculation 
(Domenico and Schwartz, 1997) can be usedl to estimate whether the phytoremediation “pump” 
can be effective at entraining the plume of contaminants. Trees can be grouped for consideration 
as average withdrawal points. The goal of such a phytoremediation effort is to create a water table 
depression where contaminants will flow to the vegetation for uptake and treatment. It is important 
to realize that organic contaminants are not taken-up at the same concentration as in the soil or 
groundwater, rather there is a transpiration stream concentration factor (a fractional efficiency of 
luptake) that accounts for the partial uptake of contaminant (due to membrane barriers at the root 
surface). The uptake rate is given by the following equation. 

U = (TSCF) (T) (C) 

where U = luptake rate of contaminant, mg/day 

TSCF = transpiration stream concentration factor, dimensionless 

T = transpiration rate of vegetationl, Uday 

C = aqueous phase concentration in soil water or groundwater, mg/L 

If the contaminant plume lis not taken-up by the vegetation, the plume that emerges will lbe 
evapoconcentrated, i.e., the mass of contaminant in the plume will be less due to uptake by vegetation, 
lbut the concentration remaining will actually lbe greater. This is a potential concern for 
lphytoremediation of ground-water plumes or with created wetlands, where a relatively hydrophilic 
contaminant can be concentrated1 on the downstream side of the phyto system. 

A methodl for estimating the Transpiration Stream Concentration Factor (TSCF) lfor equation (1 ) is 
given in Table 3. The Root Concentration Factor is also defined in Table 3 as the ratio of the 
contaminant in roots to the concentration dissolved in soil water (pg/kg lroot per pg/L). ilt is 
limportant in estimating the mass of contaminant sorbed1 to roots iln phytoremediation systems. 
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Table 3 

and Root Concentration Factor (RCF) 
for Some Typical Contaminants 

(from Burken and Schnoor, 1997b) 

Estimating the Transpiration Stream Concentration Factor (TSCF) 

Chemical 

benzene 

toluene 

ethylbenzene 

I 

m-xylene I 

TCE 

aniline 

nitrobenzene 

phenol ~ 

The PSCF and RCF for metals depends on their lredox state and chemical speciation in soil and1 
groundwater. 

+Solubility 
+Log -Log c;at 0 

25"C, (movl) 

2.13 11.64 

2.69 2.25 

I I  
I I  3.15 2.80 

3.20 2.77 

2.33 2.04 

0.90 0.41 

1.83 1.77 

1.45 ~ 0.20 

+Vapor 
Pressure 

25°C (atm) 

0.90 

1.42 

1.90 

1.98 

1.011 

2.89 

3.68 

3.59 

6.75' 

9.403 

3.21 

-Log lPo 0 

_ _ _  

~ ~~ 

lpentachlorophen 1 5.04 1~ 4.27 

Transpiration 
Stream Conc. Root lFactor, Conc. 

Factor RCFT (Ukg) 
(TSCFY 

0.71 3.6 

0.74 4.5 

0.63 6.0 

0.61 6.2 

0.74 3.9 

0.26 3.1 

~ 0.62 ~ 3.4 

~ 0.47 ~ 3.2 

0.07 54 

0.74 4.5 

0.21 19 

1 

0.25 1 3.1 
1 

atrazine 11 2.69 11 3.81 

11 4.25 1~ 3.65 11,2,4- 
t ric hlo ro be nzene, 

RDX 11 0.87 11 4.57 

'Henry's 
Constant lkw, 

025°C 
(dimensionless) 

0.2250 

0.2760 

0.3240 

0.2520 

0.4370 

2.2x105 

0.0029 

>1 .ox1 05 

1.5x1(Ya 

1 .ox1 07a 

0.1 130 

- _ _  

+ Physical chemical properties (Schwarzenbach, et al., 1993) unless otherwise noted. 

* TSCF = 0.75 exp {- [(log K ow - 2.50)*/2.4]} Burken & Schnoor, 1997b 

RCF = 3.0 + exp (1.497 log K ow - 3.61 5) Burken & Schnoor, 1997b 

a Source: (Schnoor, 1996) 
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Mature phreatophyte trees (poplar, willow, cottonwood, aspen, ash, alder, eucalyptus, mesquite, 
bald cypress, birch and1 river cedar) typically can transpire three to five acre-ft of water lper year 
(36 to 60 inches of water per year). This is equivalent to about 600 to 1000 gallons of water per tree 
per year for a mature species planted at 1500 trees per acre. Transpiration rates in the first two 
years would be somewhat less, about 200 gallons per tree per year, and hardwood trees would 
transpire about half the water of a phreatophyte. Two meters of water per year is a practical 
maximum for transpiration in a system with complete canopy coverage (a theoretical1 maximum 
would be 4 mlyr lbased on the solar energy supplied at 409N on a clear day that is required to 
evaporate water). If evapotranspiration of the system exceeds precipitation, lit is possible to capture 
water that is moving wrtically through soil. Areas that receive precipitation in the wintertime (dormant 
season for deciduous trees) must be modeled to determine if the soil will be sufficiently dry to hold 
water for the next spring's growth period. The Corps of iEngineers HELP model (Vicksburg, 
Mississippi) and other codes have been used to estimate vertical water movement and percolation 
to groundwater. 

4.6 CONTAMINANT 1UPTAKE RATE AND CLEAN-UP TlME 

From equation (1) above, it isipossible to estimate the uptake rate of the contaminant(s). First order 
lkinetics can be assumed as an approximation for the time duration needed to achieve Iremediation 
goals. The uptake rate should be divided by the mass of contaminant lremaining in the soil: 

k = U/M, 

where k = 
U = 

Mb = 

first order rate constant for uptake, yr' 
contaminant uptake rate, kg/yr 
mass of contaminant linitially, kg 

Then, an estimate for mass remaining at any time is expressed by equation (3) lbelow. 

lM = Mb e"' 
where M = mass remaining, kg 

t = time, yr 

Solving for the time required to achieve clean-up of a known action level: 

t = -(In M/M,)/k 

(3) 

(4) 

where t = 
M = 

M, = 

time required for clean-up to action level, yr 
mass allowed at action level, kg 
initial mass ofi contaminant, kg 

4.7 ANALYSIS OF FAILURE MODES 

'Phytoremediation systems are like any other treatment scheme; one cannot simply walk away 
from them and expect success. There are events that can cause failure that should be realistically 
assessed at the outset. These include killing frosts, wind storms, animals (voles, deer, beaver), 
disease or infestation (fungus, insects), and ilatent toxicity. A contingency fund should lbe provided 
for periodic replanting of a certain percentage of the site in order to ensure a viable vegetation 
system. 
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5.0 EXAMPLES 

Equations (1 through 4) from Section 4.0 can be applied to most sites where soil clean-up regulations 
are known for metals or organic contaminants. Two examples follow, one for TCE treatment by 
phytotransformation and1 another for lead1 removal by Iphytoextraction, which demonstrate the use 
of the design equations. 

Organics - Example 1 ) 

TCE residuals lhave been discovered in an unsaturated soil profile at a depth of 3 
lmeters. From lysimeter samples, the soil water concentration is approximately 100 
lmg/L. Long cuttings of hybrid poplar trees will lbe planted through the waste at a 
density of 1500 trees per acre forluptake andlphytotransformation of theTCE waste. 
By the second or third year, the trees are expected to transpire 3 acre fVyr of water 
(36 in/yr) or about 600 gal/tree per year. Estimate the time required for clean-up if 
the mass ofTCE per acre is estimated to be 1000 kg/acre, and the clean-up standard 
has been set at 100 kg/acre (90% clean-up). 

U = (TSCF) (T) (C) (1) 

where TSCF = 
T =  
C =  
IU = 
'k = 
Ik = 
Ik = 
t =  
t =  
t =  

0.74 from Table 3 
(600 gal/tree-yr)( 1500 tree/acre)(3.89 Vgal) = 3.5~1 O6 Uacre-yr 
100 mg/L (given) 
2.59 x 1 O8 mg/acre-yr = 259 kg/acre-yr 

(259 kg/yr)/l 000 kg 
0.259 yr' 

- (In 100/1000)/k 
8.9 yr 

U/M, (2) 

- (In M/M,)/k (4) 

Most of the TCE that is taken-up by the poplars lis expected1 to volatilize slowly to 
the atmosphere. A portion will be metabolized by the Iteaves and woody tissue of 
the trees. 

Metals - Example 2) 

Lead at a lightly contaminated Brownfield Site has a concentration in soil of 600 mg/ 
kg to a depth of one foot. The clean-up standard has been set at 400 mg/kg. Indian 
mustard, Brassica juncea, will be planted, fertillized, and harvested three times each 
year for phytoextraction. Using small doses of EDTA, it is possible to achieve 
concentrations in the lplant of 5000 mg/kg (dry weight basis), and harvestable 
densities of 3 tons dry matter per crop. Estimate the time required for clean-up. 
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U = Uptake IRate = (5000 mg/kg) (9 tondacre-yr) (908 kg/ton) 

Mo = Mass of Pb lin soil at a dry lbulk density of 1.5 kg/L 

Mo = (600 mg/kg)( 1.5 lkg/L)( 1 ft)(43,560 ft?acre-ft)(28.32 'Ut3) (1 0" ~1~ 
= 4.09 x 10' mg/acre-yr = 40.9 kg/acre-yr 

mg 

M, = 1 1 10 kg/acre (initial mass lin soil) 
MI = 740 kg/acre (clean-up standard1 of 400 mg/kg) 

We assume zero-order kinetics (constant rate of iPb uptake each year) because 
EDTA will make the llead' continue to be bioavailable to the sunflowers. 

IM, - M 

U 
t =  = 9.0 yr 

The time to clean-up may actually be somewhat less than 9 years lif Pb migrates 
down in the soill profile with EDTA addition, or if tillage lpractices serve to "smooth 
out" the hot spots. Regulatory clean-up levels are usually based on a limit that 
cannot be exceeded, such as 400 mg/kg, and soil concentrations would lneed tolbe 
analyzed to ensure compliance at the end of each year. 
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6.0 COST 

IPhytoremediation is very competitive with other treatment alternatives. It is aesthetically pleasing 
and itslpublic acceptability is high. Darlene Bader of the U.S. Army IEnvironmental Center at Aberdeen 
Proving Ground, reports that two anaerobic wetlands cells followed lby two aerobic cells with canary 
grass were successfull in removing TNT at 30% of the cost of granular activated carbon treatment 
(Table 2). Tables 4 through 6 provide three different estimates for phytoremediation versus competing 
technologies. Iln Table 4, a five year cost comparison lis made for a phytoremediation design versus 
a pump and treat system with reverse osmosis for nitrate contaminated groundwater. 
Phytoremediation is lless than half the cost of the pump and treat technology. Table 5 shows the 
estimated cost advantage of phytoextraction for metals compared to in situ fixation, excavation 
and1 landfilling in a RCRA approvedl hazardous waste facility, and soil extraction. Phytoremediation 
is far less expensive, ibut it requires five years rather than shorter lperiods for the competing 
technologies. In Table 6, the advantage of phytoremediation on petrochemical wastes is shown 
relative to competing technologies. Once again, phytoremediation offers cost advantages, but the 
trade off is the amount of time that is required to achieve treatment to action levels. 

Phytoremediation is most comparable to in situ bioremediation and natural attenuation. In these 
technologies, mathematical modeling and monitoring are necessary to demonstrate the effectiveness 
of the technology to regulatory agencies. The same will be true of phytoremediation. 
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Table 4 
Five-Year Cost Comparison of Phytoremediation by Hybrid Poplar Trees 

versus Conventional Pump and Treat 
(Gatliff, E.G., 11996) 

1. 

TOTAL 

2. 

TOTAL 

Phytotransformation 

Design and Implementation 
Monitoring Equipment 

Capital 
Installation 
Replacement 

5-Year Monitoring 
Travel and administration 
IData collection 
,Reports (annual) 
Sample analvsis 

$ 50,000 

10,000 
10,000 
5,000 

50,000 
50,000 
25,000 
50,000 

$250,000 

Pump and Treat (3 wells and Reverse Osmosis System) 

Equipment 
Consulting 
I nstallation/Construction 
5-Year Costs 

Maintenance 
Operation (electricity) 
Waste disposal 
Waste disposal liability 

$100,000 
25,000 

100,000 

105,000 
50,000 

11 80,000 
100.000 

$660,000 
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Table 5 
Cost Advantage of IPhytoextraction for Metals 

(Phytotech Technical Summary, 1997) 

Type of 1 1  Time Required Additional factors/ saftety 
Treatment Cost/m3 ($) ~ (months) expense Issues 

Leaching 

Landfilling 100-400 6-9 Long-term monitoring Leaching 

Soil extraction, 250-500 8-12 ~ 5,000 m3 minimum IResidue 1 

leaching Chemical recycle disposal 

Residue Phytoextraction 15-40 18-60 Timehand commitment 

TransporVexcavation 
ILong-term monitoring Fixation 90-200 , 6-9 

~~ 

1 '  
I 1  

Table 6 
Cost Advantage of Phytoremediation (Rhizosphere Bioremediation) 
of Soils Using Fine-Rooted Grasses Compared to Other Techniques 

(E. Drake, Exxon, Anandale, NJ, personal communication) 

Type of 
Treatment 

Phytoremediation 

Range of Costs 
$/Ton 

$1 0-35 

I In situ Bioremediation I $50-1 50 
I 

Soil Venting 

Indirect Thermal 

$20-220 

$1 20-300 , I  

I Soill Washing 

Solidification/Stabilization ~ 

Solvent Extraction I 

$80-200 

$240-340 
$360-440 I 1  

Incineration ~ 1 '  $200-1,500 
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7.0 WEGULATQRY ISSUES 

Phytoremediation is too new to be approved by regulatory agencies in pro forma reviews. The 
design team needs to work with regulatory personnel early and often to obtain a satisfactory solution 
for all parties at the site. Experience dictates that EPA and state agency personnel appreciate 
being involved at the conceptualization stage because they are interested in testing this emerging 
technology also. The main question that regulators lmust answer is whether phytoremediation can 
remediate the site to standards and reduce risk to human health and the environment. 

The answer to this question requires pilot studies and demonstrations on a variety of wastes. This 
process is beginning to occur with a number of demonstrations listed inTable 2. The questions that 
remain for most of these projects are the same as those for lbioremediation or natural attenuation: 

e 
0 

0 

0 

Can it clean-up the site to below action levels? On what time scale? 
Does it create any toxic intermediates or iproducts? 
Is it as cost-effective as alternative methods? 
Does the public accept the technology? 

The answer to the latter two questions appears to be positive because phytoremediation lhas a 
large impetus at the present time. The answer to the first two questions will determine whether 
lphytoremediation will lbecome a major new technology in the future. 
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8.0 CONCLUSIONS 

Phytoremediation is an emerging technology for contaminated sites that lis attractive due to its llow 
cost and versatility. It is not a panacea for hazardous waste problems, but it shows tremendous 
potential in several applications for treatment of metals and organics at sites where contamination 
is shallow. The role of enzymes, metabolites, and the selection of plant systems for various wastes 
must be better understood. IPlants have the ability to withstand relatively high concentrations of 
pollutants; they can sometimes take-up the chemicals and convert them to less toxic products, 
and they are known to stimulate degradation of organics in the rhizosphere. The technology has 
not lbeen demonstrated conclusively at many sites to date, and it remains to be seen if it lis effective 
at full scale. Table 7 is a summary of some of the key factors required for the success of 
phytoremediation. 
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Table 7. Summary of Phytoremediation Critical Success Factors and Conditions 

Phytoremediation 
Process 

Critical Success 
FactordDesign 
Considerations 

Conditions for 
Optimum Likelihood1 

of Success 
Basis Qata Needs* Vegetation 

trees, grasses 
uptake by plant; lbound 
residue or metabolism/ 
volatilization required 

log KO, = 11-3.5; 
nontoxic concentrations 

moderately 
hydrophobic organics 
taken-up 

Ph ytotransformation toxicity, fate 

Rhizosphere 
Bioremediation 

degradation by 
microbes; dense root 
system needed 

compounds amenable 
to aerobic 
biodegradation 

dense roots sorb 
chemicals and enhance 
microbial degradation 

trees, grasses, 
#legumes toxicity, fate 

roots hold1 soil and 
water, immobilize 
metals 

lhydraulic control, soil 
stabilization, 
immobilization 

iplant productivity 
accumulation li nl 
harvestable portion of 
plant 

vigorously growing1 
roots; hydrophobic or 
immobile chemicals 

>3 tons dry matter/ 
acre-yr; >1,000 mg/kgl 
metals lightly 
contaminated soill near 
to clean-up standard 

trees, grasses, 
legumes 

P hytostabilization toxicity, fate 

vigorous plant growth 
provides acceptable 
uptake rate high ability 
to accumulate 
contaminants desirable 

terrestrial plants 
or aquatic 
emergent plants 
for sediments 

aquatic 
emergent or 
submergent 
plants 

P'h ytoextraction toxicity, fate 

plant densities 200- 
1000 grams/m *; 
hydraulic detention time 
of several days 

roots sorb and 
immobilize 
contaminants 

sorption/filtrationl by 
roots; water in contact 
with roots; hydraulic 
detention time 

Rhizofiltration toxicity, fate 
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9.0 GLOSSARY 

IBoundI residues - chemical contaminants that are not extractable from lplant tissues by conventional 
lmethods (covalent bonding, polymerization, or lignification within1 the plant) 

Exudates - release of soluble organic matter from the roots of plants to enhance availability of 
nutrients or as a by-product of fine root degradation 

,Lignification -the synthesis of lignin and woody tissue by plants which may incorporate chemical 
contaminants and1 immobilize them from the environment 

Macropores - openings in the soil matrix caused by worms, burrowing animals, old root channels 
or soil lproperties that allow the relatively free flow of water and contaminants through soil 

lPhytoextraction - the use of plants at waste sites to accumulate metals into the lharvestable, 
above-ground portion of the iplant and, thus, to decontaminate soils 

IPhytostabilization - the use of plants to immobilize contaminants in situ by decreasing soil erosion 
and curtailing vertical migration of contaminants to groundwater by transpiration (hydraulic control) 

Phytotransformation - the uptake and transformation (metabolism) or volatilization of organic 
chemical contaminants by plants as an in situ treatment technology 

Rhizofiltration - the use of plant roots and rhizosphere to sorb, concentrate, transform, and 
precipitate organic and metal contaminants from1 surface water, groundwater, or wastewater 

Rhizosphere - the soil profile in close contact with roots of plants, usually taken to be the soil 
within 1 lmm of roots andlfine roots 

Rhizosphere biorernediation - the microbial1 transformations of organic contaminants by bacteria, 
fungi, and protozoans within the biologically-rich zone of the immediate vicinity around plant roots 

Root turnover - the rapid decay of fine roots in the soil profile by endogenous respiration 
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